The level of mRNA for cytosolic aspartate aminotransfer ase (cAST) in the liver of vitamin B6-deficient rats was found to be 7-fold higher than that of the control rats. The administration of hydrocortisone to adrenalectomized vitamin B6-deficient rats induced expression of hepat ic cAST mRNA and the induction was suppressed by the simultaneous administration of pyridoxine. Since the 5' regulatory region of the rat cAST gene contains several sequences showing homology to glucocorti coid-responsive elements, we synthesized an oligonucleotide probe of glucocorticoid-responsive element sequence and assayed the binding activ ity of liver nuclear extract to the oligonucleotide by gel mobility shift analysis. We found that the binding activity of nuclear extract prepared from the liver of vitamin B6-deficient rats was far greater than that of the control rats, indicating that the DNA-binding activity of glucocorticoid receptor was enhanced by vitamin B6 deficiency. We further found that preincubation of the nuclear extract from the vitamin-deficient liver with pyridoxal 5'-phosphate brought about a rapid and extensive decrease in the binding of the extract to the glucocorticoid-responsive element. Con geners of pyridoxal phosphate, such as pyridoxamine 5'-phosphate, pyri doxal, pyridoxamine and pyridoxine, did not show an inhibitory effect. These observations suggest that pyridoxal 5'-phosphate modulates cAST gene expression by inactivating the binding activity of glucocorticoid receptor to glucocorticoid-responsive elements.
Summary
The level of mRNA for cytosolic aspartate aminotransfer ase (cAST) in the liver of vitamin B6-deficient rats was found to be 7-fold higher than that of the control rats. The administration of hydrocortisone to adrenalectomized vitamin B6-deficient rats induced expression of hepat ic cAST mRNA and the induction was suppressed by the simultaneous administration of pyridoxine. Since the 5' regulatory region of the rat cAST gene contains several sequences showing homology to glucocorti coid-responsive elements, we synthesized an oligonucleotide probe of glucocorticoid-responsive element sequence and assayed the binding activ ity of liver nuclear extract to the oligonucleotide by gel mobility shift analysis. We found that the binding activity of nuclear extract prepared from the liver of vitamin B6-deficient rats was far greater than that of the control rats, indicating that the DNA-binding activity of glucocorticoid receptor was enhanced by vitamin B6 deficiency. We further found that preincubation of the nuclear extract from the vitamin-deficient liver with pyridoxal 5'-phosphate brought about a rapid and extensive decrease in the binding of the extract to the glucocorticoid-responsive element. Con geners of pyridoxal phosphate, such as pyridoxamine 5'-phosphate, pyri doxal, pyridoxamine and pyridoxine, did not show an inhibitory effect. These observations suggest that pyridoxal 5'-phosphate modulates cAST gene expression by inactivating the binding activity of glucocorticoid receptor to glucocorticoid-responsive elements.
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Aspartate aminotransferase (AST, EC 2.6.1.1) is a pyridoxal 5'-phosphate (PLP)-dependent enzyme which plays an important role in amino acid metabolism in various organisms. In animal cells, AST exists as two isozymes , one cytosolic (cAST) and the other mitochondrial (mAST) (1) . Although cAST is present in all animal tissues, its hormonal regulation is tissue-specific; for instance , the adminis tration of glucocorticoids to rats induces cAST in the liver and kidney but not in other tissues (2) .
One interesting feature of enzyme induction by glucocorticoid hormone is that the induction is modulated by vitamin B6 . Since Cake et al. (3) found that PLP inhibits the binding of rat-liver glucocorticoid receptor to DNA-cellulose , several laboratories have attempted to establish a definitive correlation between vitamin B6 and steroid hormone action. DiSorbo and Litwack (4) have reported that incuba tion of rat hepatomas in a pyridoxine-free medium results in a decrease in the intracellular level of PLP and significant enhancement of the induction of tyrosine aminotransferase. Similarly, the work of Majumder et al . (5) has shown that increased concentrations of vitamin B6 inhibit glucocorticoid-induced casein mes senger RNA accumulation in the mouse mammary gland . In a recent study, Allgood et al. (6) showed that vitamin B6 modulates transcriptional activation by the human glucocorticoid receptor in HeLa S3 cells . Allgood and Cidlowski (7) have further reported that the modulatory effects of vitamin B6 on transcriptional activation is not limited to glucocorticoid receptor but extends to multiple members of the steroid hormone receptor superfamily. However, the molecular mechanism through which vitamin B6 modulates the interaction of the steroid-receptor complex with hormone regulatory or responsive elements of specific genes has not been elucidated.
In an earlier work in our laboratory, we demonstrated that the induction of cAST in the liver of adrenalectomized vitamin B6-deficient rats by hydrocortisone is suppressed by the administration of pyridoxine (8) . In this manuscript, we provide evidence to suggest that PLP directly interacts with the glucocorticoid receptor and modulates cAST gene expression in the rat liver through a novel mechanism that involves inactivation of the glucocorticoid receptor .
MATERIALS AND METHODS
Animal treatment. Male Wistar rats , weighing about 50g, were given a 70% casein diet with or without pyridoxine ad libitum for 4 weeks . The composition of the diet was previously described (9) . For experiments involving hydrocortisone treatment, rats were bilaterally adrenalectomized after feeding a pyridoxine-free diet for 3 weeks and the operated animals were thereafter maintained on 0 .9% NaCl as drinking water. Treatment with hydrocortisone and/or pyridoxine was 
RESULTS
Hepatic cAST mRNA level is elevated in vitamin R6 deficiency Rats were fed a 70% casein diet with or without pyridoxine ad libitum for 4 weeks. In previous study from our laboratory, we demonstrated that the content of PLP in the liver of rats fed the vitamin B6-deficient diet was reduced to approxi mately 15% of the rats fed the vitamin B6-containing control diet at the end of the feeding schedule (control, 12.3 nmol/g liver; B6-deficient, 1.8 nmol/g liver) (14) . The total RNA isolated from the livers, was subjected to Northern blot analysis using a CAST cDNA probe. The autoradiograph revealed one major (2.1 kb) and one minor (1.8 kb) band, in agreement with the report of Pave-Preux et al. (2) ( Fig. 1A) . Estimation by densitometric tracing showed that the cAST mRNA level in the liver of vitamin B6-deficient rats was 7-fold higher than that in the control rats.
T. OKA et al. Fig. 1 . Effect of vitamin B6 deficiency on the level of cAST mRNA in the rat liver .
(A) Northern blot analysis of total RNA from the liver of control (Con) and vitamin B6-deficient (-B6) rats with the cAST cDNA probe. Twenty micrograms of total RNA were subjected to Northern blot analysis. The experiments shown are representative of five independent experiments.
(B) Ethidium bromide staining of rRNA as an internal control of the amount of RNA loaded. Glucocorticoid-induction of cAST mRNA is suppressed by vitamin B6 administration We next examined the effects of glucocorticoid hormone and vitamin B6 administration on the hepatic cAST mRNA level by slot blot analysis using adrenalectomized vitamin B6-deficient rats. Following hydrocortisone treatment, the cAST mRNA level increased significantly but the increase was suppressed by the combined treatment of hydrocortisone and pyridoxine (Fig. 2) . Adrenalectomy alone did not affect the cAST mRNA level in the liver of vitamin B6-deficient rats (data not shown).
Binding activity of nuclear extract to glucocorticoid-responsive element in cAST gene is enhanced in vitamin B6-deficiency
The analysis of the 5' regulatory region of the rat cAST gene revealed several sequences showing homology to glucocorticoid-responsive elements. The sequence Effect of PLP and its congeners on the binding activity of nuclear extract to (12) . We synthesized this oligonucleotide and assayed its binding activity with liver nuclear extract by gel mobility shift analysis. Figure 3 shows that the binding activity of nuclear extract, prepared from the liver of vitamin B6-deficient rats (Fig. 3a, lanes 6-10) to the oligonucleotide was far greater than that of the control (Fig. 3a, lanes 1-5) . The sequence specificity of the bindings was verified by the addition of 50 to 100-fold molar excess of unlabeled competitor oligonucleotide (Fig. 3b, lanes 1-3) . The result indicates that the DNA-binding activity of glucocorticoid receptor was greatly enhanced in the liver of vitamin-deficient rats.
PLP inhibits binding activity of nuclear extract to glucocorticoid-responsive element in vitro To see if the lower DNA-binding activity of the nuclear extract, prepared from the control liver is due to direct interaction of the glucocorticoid receptor with vitamin B6, we examined the effect of PLP on the binding activity of nuclear extract in vitro. As seen in Fig. 4a , preincubation of nuclear extract from vitamin-deficient liver with PLP brought about a rapid and extensive decrease in the binding of the extract to the oligonucleotide sequence of the glucocorticoid-responsive element . Figure 4b shows the effects of different concentrations of PLP and its congeners, pyridoxamine 5'-phosphate, pyridoxal, pyridoxamine, and pyridoxine, on the bind ing activity of nuclear extract. At 1 mM, only PLP was effective; the other congeners were not effective at concentrations up to 4 mM. This observation indicates that both a phosphate and an aldehyde group are required for the inactivation. DISCUSSION We have reported previously that the rate of synthesis of cAST in the liver of vitamin B6-deficient rats is increased 3-fold, compared with the control rats fed the diet containing vitamin B6 ad libitum (16) . We now found that the level of cAST mRNA in the liver of vitamin B6-deficient rats is 7-fold higher than that in the control rats, suggesting that the mechanism of cAST induction in vitamin B6 deficiency is largely transcriptional.
Inasmuch as the rate of synthesis of cAST is increased in the liver of vitamin B6-deficient rats, one would expect an increase in the steady-state level of cAST in the vitamin-deficient liver. However, our previous work has demonstrated that the level of immunochemically determined CAST protein in the liver of the deficient rats is essentially the same as that in the liver of control rats (17). This could occur if not only the rate of synthesis but also the rate of degradation of CAST in the liver were increased in vitamin B6 deficiency. We have previously shown that the rate of degradation of cAST is indeed increased in vitamin B6 deficiency (18). We have further shown that the increased rate of degradation of cAST is due to an accelerated sequestration of the enzyme into lysosomes (19). Glucocorticoid hormones have been shown to induce a variety of enzymes in the liver (20) and, in particular, a number of transaminases with different specific ities. We have reported that cAST is induced in the liver of adrenalectomized vitamin B6-deficient rats by hydrocortisone and that the induction is suppressed by the administration of pyridoxine (8) . Slot blot analysis of CAST mRNA in the present study shows that the hydrocortisone treatment increases the level of cAST mRNA and that the increase is prevented by the simultaneous administration of pyridoxine. On the other hand, we have already shown that the liver of rats treated with pyridoxine daily for 6 days had normal levels of PLP (8) . The contents of serum corticosterone were also determined in the control and B6-deficient rats, but no significant difference was observed (8) . These observations indicate that changes in the rate of synthesis of cAST in the liver by glucocorticoid and vitamin B6 are regulated by the corresponding changes in the level of CAST mRNA. Glucocorticoid regulation of cAST mRNA levels in the liver of rats maintained on normal vitamin B6-containing diet has been described previously by Pave-Preux et al. (2) .
Studies on the mechanism of glucocorticoid induction of a number of enzymes have shown that glucocorticoid receptor binds to the genes of these enzymes at glucocorticoid-responsive elements and increases their transcription. These sites have been found in a variety of genes regulated by glucocorticoids (21-23) and recent analysis of the 5' regulatory region of rat cAST gene by Pave-Preux et al.
(12) revealed several sequences showing homology to glucocorticoid-responsive elements. The sequence with the highest homology was found at position -585 to -571 (GGTACAGCGTGTCCA) . To see if the elevation of the cAST mRNA level in the liver of vitamin B6-deficient rats is due to increased binding of glucocorticoid receptor to glucocorticoid-responsive elements, we performed a gel mobility shift assay using an oligonucleotide probe of the glucocorticoid-responsive element sequence described above. The assay showed that the binding activity of the liver extract from vitamin B6-deficient rats is clearly greater than that from the control rats, indicating that the DNA-binding activity of glucocorticoid receptor is indeed enhanced in vitamin B6 deficiency.
The presently observed inactivation of DNA-binding activity of the liver extract upon incubation in vitro with PLP suggests that the modulation of cAST gene expression by vitamin B6 status is due to direct interaction of glucocorticoid receptor with PLP. It is well-known that PLP is the coenzyme of several enzymes of amino acid metabolism. Apart from its role as the coenzyme, PLP has proven to be an effective inhibitor of many enzymes which have binding sites for phos phate-containing substrates or effectors including RNA polymerise (24, 25), re verse transcriptase (26), Escherichia coli DNA polymerase I (27), and animal cell DNA polymerase (28, 29) . In all these cases, PLP is by far more effective than its congeners and PLP typically interacts with proteins by forming a Schiff base 
